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a  b  s  t  r  a  c  t
Highly  porous  NiO–gadolinium-doped  ceria  (GDC)  nano-composite  powders  are  synthesized  by a
one-pot  glycine  nitrate  process  and  applied  to the  fabrication  of  Ni–YSZ  (yttria-stabilized  zirconia)-
supported  tubular  solid  oxide  fuel  cells  (SOFCs)  with  a  cell  conﬁguration  of Ni–YSZ/Ni/Ni–GDC/GDC/LSCF
(La0.6Sr0.4Co0.2Fe0.8O3−ı)–GDC/LSCF.  The  power  density  of  the  cell  is  as  high  as  413  mW  cm−2 at  600 ◦C,





olid oxide fuel cell
ubular solid oxide fuel cell
NiO–GDC  powders  (301  mW cm ). The  high  porosity  of the  powders  and  the  good mixing  between  the
NiO  and GDC  primary  nanoparticles  due  to the abrupt  combustion  of  the  precursors  effectively  suppress
the  densiﬁcation,  coarsening,  and  agglomeration  of  NiO and  GDC  particles  during  sintering,  resulting
in  a  highly  porous  Ni–GDC  anode  layer  with  good  dispersion  of  Ni  and  GDC  particles  and  a  cell  with
signiﬁcantly  enhanced  power  density.
ic  Soadolinium-doped ceria © 2014 The  Ceram
. Introduction
Solid oxide fuel cells (SOFCs) have been investigated as a promis-
ng new power generation method on the account of their high
nergy-converting efﬁciency, ﬂexibility in the types of fuels, and
ow pollutant emission [1]. SOFCs can be classiﬁed as planar and
ubular structures according to the shape of the cell. Tubular SOFCs
re close to commercialization because of their simple gas seal-
ng, the facile production of large-area cells, good stability against
hermal cycles, and high mechanical support strength [2]. In partic-
lar, the operation of tubular SOFCs at intermediate (600–800 ◦C)
r low (450–600 ◦C) temperatures is essential for increasing the
ong-term stability, accelerating the warm-up process, and using
ost-effective materials for gas sealants and interconnectors.
Considering the large amount of support materials in anode-
upported design, the cost-effective Ni–YSZ (yttria-stabilized
irconia) composite is more advantageous than the Ni–GDC∗ Corresponding author at: Department of Materials Science and Engineering,
orea University, Anam-dong, Sungbuk-ku, Seoul 136-713, Republic of Korea.
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(gadolinium-doped ceria) composite. A highly conductive GDC
electrolyte can be used to achieve the operation of SOFCs at low
and intermediate temperatures [3]. Direct coating of a thin GDC
layer on the Ni–YSZ anode, however, leads to the formation of a
resistive secondary phase at the interface by the interdiffusion of
Y, Zr, Gd, and Ce components during high-temperature sintering
of the GDC layer, causing the deterioration of the overall cell per-
formance. Moreover, the relatively low ionic conductivity of YSZ
within Ni–YSZ may  affect the catalytic performance of the anode
layer. From this perspective, tubular SOFCs using a Ni–YSZ sup-
port coated with thin Ni–GDC anode and GDC electrolyte layers
can be considered a cost-effective cell design to accomplish high
cell performance at low and intermediate temperatures.
The power density of SOFCs depends largely on the electro-
chemical performances of the anode and cathode as determined by
the interconnectivity between particles, amount of open porosity,
and the length of the triple-phase boundaries (TPBs). In anode-
supported design, the cathode layer is generally heat treated at
relatively low temperatures (<1200 ◦C) after the densiﬁcation of the
electrolyte layer at high sintering temperatures (1400–1500 ◦C).
Accordingly, the design of the microstructure of the cathode layer
can be easily tuned by controlling the heat-treatment temperature.
In contrast, the anode and electrolyte are co-ﬁred at high temper-
ature (1400–1500 ◦C), which often decreases the electrochemical
performance in the anode by the densiﬁcation, agglomeration,
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nd coarsening of Ni and/or electrolyte particles. The preparation
f uniformly dispersed anode composites with ﬁne particle sizes
nd optimized anode microstructure, therefore, is important for
nhancing cell performance.
Generally, anode cermets are prepared by ball milling a mixture
f NiO and commercial electrolyte powders lead to non-uniform
istribution of Ni in the anode, which can be disadvantageous
or anodic performance [4,5]. Thus, the uniform mixing of ﬁne
iO and electrolyte powders is essential to increase the fuel gas
ccessibility and length of the TPBs [6,7]. Various chemical routes
ave been explored to prepare Ni–YSZ composites with high gas
ccessibility and abundant TPBs, including the combustion pro-
ess [8], spray pyrolysis [9], and the polymeric organic complex
olution [10], buffer-solution [11], and gel-precipitation methods
12]. Although the fundamental electrical properties of the anode
omposites have been reported, to the best of our knowledge, the
ower performances of SOFCs have been rarely investigated. For the
i–GDC system, the co-precipitation method was explored [13,14].
he design of Ni–GDC composite layers with an optimized porous
icrostructure and abundant TPBs, however, remains in the initial
tages and needs further improvement.
Chemically homogeneous multi-compositional powders can
e prepared by the glycine nitrate process (GNP). The porous
nd uniform nanostructures are developed by the rapid com-
ustion of the precursors, which can facilitate the development
f highly porous anode structures. In this study, porous
nd uniform NiO–GDC nano-composite powders were pre-
ared by one-pot GNP and applied to the anode layer in
ur previously fabricated intermediate-temperature (≤600 ◦C)
OFC with a cell conﬁguration of Ni–YSZ/Ni/Ni–GDC/GDC/LSCF
La0.6Sr0.4Co0.2Fe0.8O3−ı)–GDC/LSCF [15]. For comparison, an SOFC
ith the same conﬁguration was also fabricated using NiO–GDC
owders prepared by a conventional ball-milling process. At the
perating temperature of 600 ◦C, the power density increased by
pproximately 35% by employing NiO–GDC composite powders
repared by GNP, and the reason for the enhanced cell performance
as investigated in terms of the connective open pores and the
ispersion of Ni and GDC particles within the Ni–GDC anode layer.
. Experimental
.1. Powder preparation
The NiO–Ce0.9Gd0.1O1.95 (NiO–GDC) nano-composite powders
ere prepared by the glycine nitrate process (GNP). Ce(NO3)3·6H2O
99.99%, Kanto Chemical Co., Japan), Gd(NO3)3·6H2O (99.95%,
anto Chemical Co., Japan), and Ni(NO3)2·6H2O (99.999%, Sigma
ldrich Co., USA) were dissolved in 200 mL  of distilled water,
o which H2NCH2COOH (glycine, >99%, Sigma, USA) was  added
[glycine]/([Ni2+] + [Ce3+] + [Gd3+]) = 1.0). The polymeric gel was
repared by stirring and heating the precursor solution at 80 ◦C
n a hot plate. After complete evaporation of the water solvent,
he precursors were explosively combusted by ignition through a
apid increase of the hot-plate temperature. After calcination at
00–1100 ◦C for 2 h, the powders were pulverized. According to
he ICP analysis, the composition of GDC was determined to be
e0.907Gd0.093O1.953 and the weight ratio between NiO and GDC
as determined to be 45:55.
Commercial GDC powders (ULSA, Anan Kasei, Japan) were used
s the electrolyte for the tubular cell. In order to match the shrink-
ges of the electrolyte and the anode layers during sintering, the
ommercial GDC powders, NiO–YSZ support and calcined NiO–GDC
owders were compacted into disk-shaped specimens and isostat-
cally pressed at 150 MPa. Their shrinkages were investigated usingmic Societies 2 (2014) 339–346
a dilatometer (DIL402PC, Netzch Ins., Germany) from ambient tem-
perature to 1450 ◦C at a rate of 5 ◦C min−1 in air.
2.2. Cell fabrication
A NiO–YSZ tubular support was used. The NiO–YSZ (8 mol%
yttria-stabilized zirconia) composite powders (NiO:YSZ = 40:60 by
vol%) were prepared by mixing YSZ powders (TZ-8Y, Tosoh Co.,
Japan) and NiO powders (J. T. Baker Co., USA). The NiO–YSZ com-
posite powders and activated carbon (pore former) were weighed
and mixed in ethanol by ball milling for 14 days and then dried.
An organic binder and 25 wt%  of distilled water were added to the
dried powders and the mixture was homogenized to form a paste.
The paste was extruded in the form of a tube and dried at 120 ◦C for
12 h. The NiO–YSZ tubular support was prepared by heat treatment
of the dried tubular structure at 1100 ◦C.
The NiO functional layer was  coated on the porous NiO–YSZ
tubular support by dip coating the support in the slurry. The slurry
for the NiO coating was  prepared according to the following proce-
dure: NiO powders were added to solvent mixtures of toluene and
2-propanal. After the addition of sorbitan trioleate (dispersant) and
Triton X-100 (surfactant), the slurry was  ball milled for 24 h. Subse-
quently, di-n-butyl phthalate and polyvinyl butyral were added as a
plasticizer and binder, respectively, and the slurry was ball milled
again for 24 h. Activated carbon (3 wt% of the solid content) was
added as a pore former in order to increase the gas permeability to
the anode layer.
The NiO–YSZ tubular support was  immersed in the NiO slurry for
10 s, pulled out slowly, and dried at room temperature. The dipping
and pulling speeds were 100 and 10 mm  min−1, respectively. The
green NiO ﬁlm was  heat treated at 1100 ◦C for 3 h to obtain the
mechanical strength necessary for handling.
The NiO–GDC functional layer was formed by dip coating the
specimen in a NiO–GDC slurry. For comparison, NiO–GDC com-
posite powders were prepared both by ball milling and by GNP.
For the ball-milling preparation, NiO (J. T. Baker Co., USA) and
Gd0.1Ce0.9O1.95 (GDC, Anan Kasei Co., Japan) powders were used.
The NiO and GDC powders were mixed in a weight ratio of 45:55
to prepare NiO–GDC slurry. After being coated with the NiO–GDC
green layer, the tubular structure was  heat treated at 1100 ◦C for
3 h.
In the case of the NiO–GDC powders prepared by GNP, NiO–GDC
powders calcined at 1000 ◦C for 2 h were used to prepare the
NiO–GDC slurry. After being coated with the NiO–GDC green layer,
the tubular structure was  heat treated at 1000 ◦C for 3 h. In order
to investigate the effect of the Ni–GDC microstructures on the cell
performance, no carbon was added to either of the NiO–GDC slur-
ries.
The GDC electrolyte layer was  coated onto the support by
dip coating. Gd0.1Ce0.9O1.95 (GDC, Anan Kasei Co., Japan) pow-
ders were used to prepare the GDC slurry. No carbon was  added
to the GDC slurry, thus achieving a gas-impermeable and dense
GDC electrolyte layer. The GDC layer was  applied to the spec-
imen by dip coating. The specimen was then dried and heat
treated at 400 ◦C for 2 h twice. The resultant cell was  sintered at
1450 ◦C for 5 h. The cathode was  formed according to the following
procedure: The La0.6Sr0.4Co0.2Fe0.8O3−ı (LSCF, Fuel cell materials,
USA)–Gd0.1Ce0.9O1.95 (GDC, Anan Kasei Co., Japan) composite layer
was applied to the GDC electrolyte by dip coating and drying; the
LSCF layer was  then applied by dip coating and drying. Finally, the
cell was heat treated at 1150 ◦C for 3 h to burn off all organic con-
tent to form a single NiO–YSZ/NiO/NiO–GDC/GDC/LSCF–GDC/LSCF
tubular cell. For simplicity, the NiO–GDC composite powders pre-
pared by GNP and ball milling will be referred to herein as
“NiO–GDC(GNP)” and “NiO–GDC(BM),” respectively. The Ni–GDC
disk-shaped specimens prepared by the sintering of NiO–GDC























































Fig. 1. XRD patterns of as-prepared NiO–GDC(GNP) and NiO–GDC(GNP) powders
calcined at 800–1100 ◦C for 2 h.S.-Y. Park et al. / Journal of Asian
t 1450 ◦C for 5 h and subsequent reduction of NiO at 600 ◦C
or 12 h in H2 atmosphere will be referred as “Ni–GDC(GNP)”
nd “Ni–GDC(BM),” respectively. The SOFCs fabricated from the
iO–GDC(GNP) and NiO–GDC(BM) powders will be referred as
SOFC(GNP)” and “SOFC(BM),” respectively.
.3. Measurement of fuel cell performance
Before measuring the cell performance, nickel felt connected
ith Ni wires (current collector) was ﬁxed to the interior part of
he tubular cell. Platinum gauze (Pt, Sigma–Aldrich Co., USA) was
ound on the entire cathode area and silver wire was  wound on
he Pt gauze for current collection. The cell was reduced in situ by a
owing H2/N2 mixed gas at 600 ◦C. The mixture gas ratio of H2 and
2 was changed slowly in order to prevent cracks caused by sudden
eduction. After reduction of the NiO into metallic Ni, the mixture
etween H2 and N2 (50:50 by vol%) humidiﬁed by bubbling water
ere ﬂowed through the tubular cell at a rate of 0.2 L min−1. Air
as ﬂown outside the tubular cell at a rate of 1.0 L min−1 while the
ell performance was being measured.
.4. Characterization of powders and cells
The phases and crystallinity of the powders were analyzed
hrough X-ray diffraction (XRD, Rigaku, DMAX-II A, Cu K) studies.
he compositions of the powders were analyzed using inductively
oupled plasma atomic emission spectroscopy (ICP-AES, Optima
300 DV, Perkin Elmer, USA). The morphology and the distribution
f the components of the NiO–GDC powders were observed by SEM
Hitachi S-4300, Japan) and TEM (JEM-2100F, JEOL Co., Japan). The
olume and size distribution of the open pores in the Ni–GDC(BM)
nd Ni–GDC(GNP) pellets were measured using the Archimedes’
ethod and mercury porosimetry (Auto pore IV 9520, Micromeri-
ics Co. Ltd., USA). The spatial distributions of the components of the
iO–GDC anode layer were determined by electron probe micro-
nalysis (EPMA, JXA-8500F, JEOL Co., Japan). The I–V characteristics
ere measured by using a DC electric load. The complex impedance
f the cell was measured using a high-frequency analyzer (Alpha-N,
ovo Control, Germany) at frequencies from 10−2 to 106 Hz.
. Results and discussion
.1. Preparation and characterization of NiO–GDC powders
After the combustion reaction, the XRD patterns of the
s-prepared NiO–GDC(GNP) powders showed NiO (JCPDS# 75-
197) and Ce0.9Gd0.1O1.95 (GDC, JCPDS# 75-0161) phases (Fig. 1).
hese NiO and GDC phases were maintained after calcination
t 800–1100 ◦C. No secondary phase was observed in all the
iO–GDC(GNP) powders. The increase of peak intensity and the
ecrease of peak broadening indicate the coarsening of parti-
les by heat treatment. The crystallite sizes of the NiO and
DC particles were calculated by Scherrer’s equation (Fig. 2). As
he heat-treatment temperature increased from 800 to 1100 ◦C,
he crystallite size of NiO increased from 29.2 ± 3.5 nm to
7.1 ± 13.1 nm and that of GDC increased from 24.7 ± 1.1 nm to
5.1 ± 9.4 nm.  This shows that the NiO and GDC particles are com-
arable in size.
The shrinkages of electrolyte layer and support should be tuned
arefully to prevent the formation of crack and/or defect within
lectrolyte layer during sintering [16]. In order to match the shrink-
ges between the electrolyte layer and support, the NiO–GDC(GNP)
owders calcined at 900–1100 ◦C and the GDC powders for the elec-
rolyte were compacted into pellets and their shrinkages between
50 and 1450 ◦C were measured (Fig. 3). The GDC specimen startedFig. 2. Crystallite size of NiO–GDC(GNP) powders as a function of calcination tem-
perature.
to shrink at ∼1050 ◦C and the total shrinkage at the sintering tem-
perature (1450 ◦C) was ∼13%. The NiO–GDC specimens prepared
from the powders calcined at 900, 1000, and 1100 ◦C started to
shrink at 1000, 1075, and 1175 ◦C, respectively, and their total
shrinkages at 1450 ◦C were 24%, 21%, and 15%, respectively. The
NiO–GDC specimen prepared from the powders calcined at 1100 ◦C
showed better shrinkage matching at the sintering temperature
(1450 ◦C), whereas the specimens prepared from the powders
calcined at 1000 ◦C showed good shrinkage matching during densi-
ﬁcation at 1000–1350 ◦C. The NiO contents in NiO–GDC composite
may  be decreased to match the shrinkage. However, this accom-
panies the increase of electrode polarization [17]. In the sole
viewpoint of total amount of shrinkage after sintering at 1450 ◦C,
the NiO–GDC powders calcined at 1100 ◦C might be advantageous.
However, this can generate the tensile stress in electrolyte layer
because GDC electrolyte layer starts to shrink at 1050 ◦C, while
NiO–YSZ support starts to shrink at 1150 ◦C, which deteriorates the
densiﬁcation of electrolyte at the beginning stage of sintering [18].








(6.08 g cm−3). The porosity of Ni–GDC(GNP) (21.0 ± 0.6%) was sub-
F
fig. 3. Shrinkage behaviors of commercial GDC powders, NiO–YSZ support and
iO–GDC powders calcined at 900–1100 ◦C.
ccordingly, the NiO–GDC(GNP) powders calcined at 1000 ◦C were
sed for anode in this study.
TEM analysis revealed that each secondary particle consisted of
rimary particles (size: 50–70 nm)  (Fig. 4a). The EDS mapping of Ni
Red), Ce (Green), and Gd (Blue) clearly shows that the secondary
articles consist of nano-composites of small NiO and GDC particles
ig. 4. TEM images of NiO–GDC powders calcined at 1000 ◦C: (a) TEM image, (b) EDS map
rom  areas indicated in (a). (For interpretation of the references to color in this ﬁgure citamic Societies 2 (2014) 339–346
(Fig. 4b). From the lattice images and fast Fourier transform pat-
terns, the primary GDC and NiO particles are identiﬁed as single
crystalline grains (Fig. 4c and d, respectively). These results clearly
show that GNP is a promising route for preparing highly dispersed
NiO–GDC nano-composite powders with uniform mixing between
NiO and GDC.
The morphologies of commercial GDC, NiO, as-prepared
NiO–GDC(GNP) powders, and NiO–GDC(GNP) powders calcined at
1000 ◦C were observed by SEM images (Fig. 5). Primary particles
of GDC and NiO with several tens of nanometers in size agglomer-
ated to form large secondary particles (size: several micrometers)
(Fig. 5a and b). In contrast, the as-prepared NiO–GDC(GNP) powders
showed highly porous network structures due to the rapid com-
bustion reaction of the precursors (Fig. 5c). The morphology was
maintained and no agglomeration was observed after heat treat-
ment at 1000 ◦C (Fig. 5d). The crystallite sizes of the commercial NiO
and GDC particles were 78.6 ± 10.5 nm and 86.7 ± 6.8 nm, respec-
tively, according to Scherrer’s equation, which are somewhat larger
than those of the NiO–GDC(GNP) powders.
In order to investigate the open porosity of the Ni–GDC anode
layer, disk-shaped specimens of NiO–GDC(BM) and NiO–GDC(GNP)
were prepared by dry pressing, sintering at 1450 ◦C for 5 h,
and reducing at 600 ◦C in H2 atmosphere for 12 h. The porosi-
ties and apparent densities of the specimens were measured by
using Archimedes’ method. The apparent density of Ni–GDC(GNP)
(5.99 g cm−3) was  slightly lower than that of Ni–GDC(BM)stantially higher than that of Ni–GDC(BM) (9.5 ± 5.1%). Fig. 6
showed the pore size distribution of the Ni–GDC(BM) and
Ni–GDC(GNP) specimens determined by mercury porosimetry. The
ping, and (c and d) high-magniﬁcation images of GDC and NiO, respectively, taken
tion, the reader is referred to the web version of this article.)















bFig. 5. SEM images of commercial (a) GDC, (b) NiO, (c) as-prepared NiO
verage pore size of Ni–GDC(GNP) (117.9 nm) is ∼2 times higher
han that of Ni–GDC(BM) (63.6 nm). Moreover, the Ni–GDC(GNP)
pecimen shows signiﬁcantly higher pore volume.
.2. Characterization and performance of the cell
The NiO–GDC(GNP) and NiO–GDC(BM) powders were
pplied to fabricate tubular cells with a conﬁguration of
i–YSZ/Ni/Ni–GDC/GDC/LSCF–GDC/LSCF in order to investi-
ate the effect of anode microstructure on the cell performance. A
iO–YSZ tubular support (length: 8 cm,  outer diameter: 7.5 mm,
nner diameter: 6.0 mm,  and thickness: 0.8 mm before sintering
f the electrolyte) was used. A NiO layer (thickness: ∼13 m)  was
oated onto the NiO–YSZ support to prevent the formation of a
esistive secondary phase by the interdiffusion of GDC and YSZ
19,20] during high-temperature sintering and to increase the
onding between the NiO–YSZ support and the NiO–GDC anode
Fig. 6. Pore size distribution of Ni–GDC(BM) and Ni–GDC(GNP).(GNP) powders, and (d) NiO–GDC(GNP) powders calcined at 1000 ◦C.
layer during fabrication. Although Ni can be used as support instead
of NiO–YSZ to simplify cell structure and to decrease the cost of
the cells, the thermal shock can be occurred during long-term
cell operation due to the large difference of thermal expansion
coefﬁcients (TEC) between pure metallic Ni (17.0 × 10−6 K−1)
[21,22] and oxide GDC (12.6 × 10−6 K−1) [23]. Thus, Ni–YSZ
(TEC = 14.6 × 10−6 K−1) and Ni–GDC (TEC = 14.3 × 10−6 K−1) [15]
with similar TEC of GDC were used as support and anode layer,
respectively. Consequently, the cells prepared by inserting thin
Ni layer between Ni–YSZ support and Ni–GDC anode layer were
cost-effective and stable.
The active areas of the ﬁnal SOFCs prepared from the
NiO–GDC(GNP) and NiO–GDC(BM) powders were 3.86 cm2 and
3.80 cm2, respectively. The ﬁnal SOFCs for both samples were
∼0.6 mm thick. Most interfaces except that between LSCF–GDC
and the LSCF layers were distinctive in the SEM images (Fig. 7).
In SOFC(BM), the thicknesses of the LSCF/LSCF–GDC cathode, GDC
electrolyte, Ni–GDC anode, and Ni layers after the reduction of
NiO into Ni were ∼14, 18, 8, and 13 m,  respectively (Fig. 7a).
In SOFC(GNP), the thicknesses of the LSCF/LSCF–GDC cathode,
GDC electrolyte, Ni–GDC anode, and Ni layers were ∼15, 19, 11,
and 13 m,  respectively (Fig. 7c). Note that the Ni–GDC layer in
SOFC(GNP) (Fig. 7d) is more porous than that in SOFC(BM) (Fig. 7b).
The distributions of Ni and GDC within the Ni–GDC layer were
investigated using EPMA (Fig. 8). In SOFC(BM), relatively large Ni
particles were distributed (Fig. 8b). In contrast, smaller Ni parti-
cles with higher connectivity were observed in SOFC(GNP) (Fig. 8f).
The EPMA contours of Ce and Gd in Fig. 8c and d, respectively,
indicate the coarsening or agglomeration of GDC particles in the
Ni–GDC(BM) layer. This can be explained by the densiﬁcation
and/or coarsening of NiO and GDC particles during sintering, proba-
bly due to agglomeration of the commercial NiO and GDC powders.
In contrast, the EPMA contours in SOFC(GNP) showed a uniform
and well-dispersed distribution of GDC particles in the anode layer
(Fig. 8g and h). The differences in the distribution of Ni and GDC
within the Ni–GDC layers of the two cells are quite substantial
and thus cannot be explained simply by the small differences in
the primary particle sizes of NiO and GDC. Zha et al. [24] reported





































big. 7. Cross-sectional SEM images of the cell structures and Ni–GDC anode layers a
hat the porous Ni–GDC anode can be prepared by using the mix-
ures of combustion-derived porous NiO and GDC powders. Suda
t al. [25] prepared NiO–SDC (samarium-doped ceria) core–shell
owders by spray pyrolysis as the starting powders for anode. The
uter SDC suppressed the sintering, coarsening, and agglomera-
ion of NiO during sintering, which developed the porous anode
ith good and uniform dispersion of Ni and SDC after reduction.
hus, highly porous NiO–GDC nano-composite powders with good
ispersion of NiO and GDC primary particles in the present study
ffectively suppressed the densiﬁcation and coarsening of NiO and
DC particles during sintering, thus providing gas accessible, well-
istributed and elongated TPBs.
The complex impedance spectra of the entire cell were mea-
ured at 450–600 ◦C under open-circuit conditions (Fig. 9), and the
lectrode resistance (Rel) and ohmic resistance (Rb) were calculated
rom the spectra. The Rel values of SOFC(BM) decreased from 3.45
o 0.16  cm2 as the temperature increased from 450 to 600 ◦C.
he SOFC(GNP) showed slightly lower Rel values and similar varia-
ion of Rel with temperature. The low Rel value at high temperature
s explained by the thermal promotion of the electrode reaction.
he Rb values of SOFC(BM) decreased from 1.65 to 1.09  cm2 as
he temperature increased from 450 to 600 ◦C, whereas those of
OFC(GNP) decreased from 1.29 to 0.76  cm2. The ohmic polariza-
ion consists of ohmic polarization from the electrolyte, electrode,
nterface between electrolyte and electrode, and interface between
lectrode and current collector [26]. Although impedance spectra
t open-circuit condition are not directly related to the maximum
ower density at load condition, the lower Rel and Rb values in
OFC(GNP) reﬂect lower polarization and better electrochemical
eactions at the anode and/or the electrolyte/anode interface layers
uring cell operation.
The current–voltage (I–V) and current–power (I–P) character-
stics of the SOFC(BM) and the SOFC(GNP) cells were measured
t 450–600 ◦C (Fig. 10). The open-cell voltage (OCV) of SOFC(BM)
as 0.89 V at 450 ◦C, which decreased to 0.80 V as the operation
emperature increased to 600 ◦C (Fig. 10a). The OCV value lower
han the theoretical value (1.1 V) can be ascribed to the contri-
ution of electronic conduction in GDC under a highly reducingeasurement of cell characterization: (a and b) SOFC(BM) and (c and d) SOFC(GNP).
atmosphere [27–29]. However, the possibility of small amount of
gas leakage through electrolyte cannot be excluded completely.
The maximum power densities at 450, 500, 550, and 600 ◦C were
68, 131, 220, and 301 mW cm−2, respectively. The OCV value of
SOFC(GNP) was  0.89 V at 450 ◦C, which decreased to 0.81 V as the
operation temperature increased to 600 ◦C (Fig. 10b). The maxi-
mum power densities at 450, 500, 550, and 600 ◦C were 97, 192,
295, and 413 mW cm−2, respectively, which are 42%, 47%, 34%, and
37% higher than those of SOFC(BM) in Fig. 10a. In our previous work
[15], the high power density (594 mW cm−2) was obtained using
100% H2 fuel at 600 ◦C of the tubular SOFC with same conﬁgura-
tion when carbonate-coprecipitation-derived well-sinterable GDC
powders were used as starting powders for GDC  electrolyte layer.
The lower power density in the present study, accordingly, can be
attributed to the use of lower concentration of H2 (50%) as fuel and
the use of commercial GDC powders with low sinterability for the
preparation of electrolyte layer.
The voltage of SOFC(BM) decreased rapidly at high current
densities (≥520 mA cm−2), whereas the voltage of SOFC(GNP)
decreased gradually as the current density increased to
1000 mA  cm−2 at an operating temperature of 600 ◦C (Fig. 10a and
b). The electrode polarization consists of activation polarizations
at the cathode and anode, as well as concentration polarization
[26]. The activation polarization depending upon the length of TPB
can be veriﬁed by the slope of I–V graph at low current density.
In this I–V graphs, it is difﬁcult to ﬁnd substantial difference in
activation polarization of SOFC(BM) and SOFC(GNP). The abrupt
decrease of voltage at high current densities is generally ascribed
to the concentration polarization caused by the microstructure
of the electrode. The Ni–GDC layer in SOFC(GNP) had a more
porous microstructure than that of SOFC(BM), as seen through
SEM analysis (Fig. 7b and d). Therefore, the different behavior of
the voltage at high current densities is attributed to the degree
of fuel gas delivery within the Ni–GDC anode. Considering the
same process for cell fabrication and similar dimensions of the
component layers, the microstructure of the Ni–GDC anode layer
and the distribution of Ni and GDC can be regarded as the key
reason for the signiﬁcant difference in power density.
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Fig. 8. Cross-sectional back-scattered electron images of GDC/Ni–GDC/Ni layer: (a) SOFC(BM) and (e) SOFC(GNP). EPMA elemental maps for (b) Ni, (c) Ce, and (d) Gd of
SOFC(BM) and (f) Ni, (g) Ce, and (h) Gd of SOFC(GNP).
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Fig. 9. Complex impedance spectra of (a) SOFC(BM) and (b) SOFC(GNP) at
450–600 ◦C.
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4. Conclusion
Highly porous NiO–GDC nano-composite powders were pre-
pared by a one-pot glycine nitrate process and were applied
to the fabrication of tubular SOFCs with the conﬁguration
Ni–YSZ/Ni/Ni–GDC/GDC/LSCF–GDC/LSCF. A maximum power den-
sity of 413 mW cm−2 was obtained at 600 ◦C, which is signiﬁcantly
higher than that of SOFCs with the same cell conﬁguration pre-
pared by ball-milled NiO–GDC powders (301 mW cm−2). Porous
Ni–GDC anode layer, good dispersion of the Ni and GDC parti-
cles, and suppression of the densiﬁcation and coarsening of the
NiO and GDC particles during sintering can be achieved using GNP-
derived well-deﬁned NiO–GDC powders, and these characteristics
were the main reasons for the substantial improvement of power
density.
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